
at different stages of their life cycles, and 
initiate developmental changes on encoun- 
tering each host (28). In addition, a variety 
of marine invertebrates undergo metamor- 
phosis after encountering a particular habi- 
tat (29). Perhaps mechanisms like those used 
by C. elegans for neuronal control of dauer 
formation and recovery are used by these 
other organisms to evaluate e~lvironmental 
signals and regulate their development. 
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Failure to Elicit Neuronal Macroscopic Mechanosensitive 
Currents Anticipated by Single-Channel Studies 
CATHERINE E. MORRIS* AND RICHARD HORN 

Mechanosensitive channels can be observed in most cell types during single-channel 
recording and have been implicated in many cellular processes. Potassium-selective 
single-channel currents, both stretch-activated and stretch-inactivated, can be observed 
in growth cones and cell bodies of Lymnaea stagnalis neurons. Equivalent macroscopic 
mechanosensitive currents could not, however, be elicited while applying various 
mechanical stimuli. This discrepancy suggests that single-channel mechanosensitivity is 
an artifact of patch recording. 

ECHANOSENSITIVE (MS) ION 

channels have been observed with 
single-channel recording in more 

than 30 cell types (1, 2),  including neurons 
and their growth cones. For dynamic, ten- 
sion-generating (3) structures, it is easy to 
conceive of a physiological role for these MS 
channels, yet direct evidence of a mechanical 
function for MS channels in growth cones 
(4, 5) or elsewhere is lacking. Mechanotrans- 
ducing sites in specialized receptor cells re- 
main inaccessible to patch electrodes (1, 2). 
Although the many reports of MS channels 
suggest that electromechanical irritability is 
present in most membranes, the cellular- 
level or macroscopic MS currents (I,,) cor- 
responding to these single-channel events 
have not been measured. 

Neurons of the mollusk Lymnaea stagnalis 

are especially suitable for studying macro- 
scopic I,,. Molluscan growth cones, dy- 
namic structures by definition, have MS 
channels (4, 5) and respond during out- 
growth to mecha~lical stimuli ( 6 ) .  Distin- 
guishing nonspecific I,, carried in chan~lels 
from nonspecific (nonchannel) leak is prob- 
lematic, but Lymnaea MS chan~lels are Kf - 
selective, so I,, would reverse at potentials 
different from those for nonspecific leak (7). 
One can minimize space clamp problems 
and cytoplasmic disruptions by using isolat- 
ed growth cones and perforated patch re- 
cording (8). 

Tension in the membrane of stretched 
cells is neither measurable nor homoge- 
neous. Nevertheless, procedures that, taken 
to their extreme, rupture membranes must 
increase tension. Figure 1 illustrates the 
tension-inducing procedures we used with 

C. E. Morris, Biology Depamncnt, University of Otta- 
wa, 30 Gcorgc Glinski, Ottawa, Ontario, Canada KIN L ~ m n a e a  neurons. In the ex~er i -  
6N5. ments, bath solution (MedK, Table 1) was 
R. Horn, Depamncnt of Neurosciences, Roche Institute 
of Molecular Biology, Nutley, NJ 07110. spritzed (pressure-ejected, Fig. 1A) onto 

voltage-clamped isolated growth cones. Af- 
*Present address: Neuroscience Unit, Loeb Institute, 
Ottawa Civic Hospital, Ottawa, Ontario, Canada K1Y ter we verified fluid flow with dye On 

4E9. several growth cones, we routinely substan- 
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tiated low pressure flow by observing mov- Table 1. Recording solutions (milimolar). N, normal; HiK, high K' concentration; MedK, 
ing debris. At pressure that generated high medium K+ concentration; WCR, whole-cell recording; PPR, perforated patch recording. Preshock 

flow rates, the growth cone deformed se- and shock saline were identical except that 72 mM sucrose was included in the former. pH was 
adjusted as indicated with 1 N NaOH or KOH: N, pH = 7.6 (Na); HiK, pH = 7.6 (K); MedK, 

verel~ and the membrane was deflected pH = 7.6 (Na-K); WCR, pH = 7.2 (K); PPR, pH = 7.2 (K); shock, pH = 7.6 (K). 
along regions of adhesion to the substratum 
and t o  the recording pipette. Further in- Component N HiK MedK WCR PPR Shock 
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creases in pressure stretched the growth 
NaCl cone membrane so that it ruptured. We KCI 

50 35.5 
1.6 51.6 16.6 51.6 10 15.5 

measured the spritz-induced current using M ~ I ,  2 2 2 2 2 2 
paired voltage ramps (Fig. 2); the difference CaCI, 3.5 3.5 3.5 3.5 
current for conditions with and without Glucose 5 5 5 5 
stimuli (I,,,) was considered mechanically Hepes 5 5 5 5 5 5 
induced. A spritz-induced Idiff reversing K2S04 3 5 

near 0 mV (3 of 14 growth cones) was 
attributed to a change in nonspecific leak. 
Usually (8 of 14) I,, was <1 pA at all 
voltages, but in 3 of 14  growth cones, change (six isolated growth cones; repeated neurites), we measured I,, at -30 mV 
spritzing reduced the amplitude of a current steps between -50 mV and -75 mV or ( -E ,  for cells in MedK) and at -90 mV, 
that reversed close to the Kf equilibrium voltage ramps as above were used). with stepwise increases of pressure until cell 
potential (E,). Figure 2B represents the The absence of IMs cannot reasonably be rupture occurred (inflation was not evident 
largest Kf -specific MS effect observed-a attributed to use of the perforated patch before rupture). No change of holding cur- 
reduction of 5 4  pA, not hundreds of pico- method because robust voltage-dependent rent occurred at -30 mV. At -90 mV an 
amperes of change as expected (9) from macroscopic currents could be detected in effect was observed in two cells just below 
single-channel data on stretch-activated isolated growth cones (12) (Fig. 3). Nor their lytic pressure. I11 one (d = 45 km), 70 
(SA) and stretch-inactivated (SI) Kf chan- were MS channels disabled in some unantic- rnrnHg caused 7 pA of inward current, and, 
nels. These experiments provided no evi- ipated way by growth cone isolation or in the other (d = 30 pm), 20 mmHg in- 
dence of SA Kf channel involvement (lo), nonphysiological bath solutions. Cell-at- 
but inactivation of several SI Kf channels tached patches on these isolated growth 
could explain Fig. 2B. cones exhibited single SA Kf channel activ- A - 

In the cell-attached configuration (11) SA ity (Fig. 4) similar to that in intact growth 
single channels activate during hypo-osmot- cones in normal saline (5) ;  SI Kf channels V (mv) 
ic shock to an extent that should generate were also observed (13). -100 -80 -60 -40 

hundreds of picoamperes over a small cell. Blowing into yeast cells in the whole-cell /: I I I I I I I I I I  

-20 
The whole-cell clamp configuration is un- configuration yields a small nonspecific I,, - 

suitable for osmotic experiments, but we (14); we tried this approach on Lymnaea - 

found that hypo-osmotic shock (Table 1) of cells (Fig. IF). Laplace's law predicts that, 
isolated growth cones in the perforated: for a constant internal pressure, tension in a 

12 

- 
o %  - 
-4 

-8 

- - I 2  

patch configuration induced swelling to the sphere increases linearly with diameter (d) 
point of lysis (Fig. 1B). In spite of the (14). Hence, to maximize conditions for - 
extreme mechanical stimulus associated with measuring I,,, we used somata, not growth B 
osmotic swelling, the Kf current did not cones. In four somata (with inconsequential 

- 

Difference current 

v (mv) 

Fig. 1. Modes of mechanical stimulation. Shading -100 -80 -60 -40 

" -20 indicates the perforated patch configuration; solid - 
I I I I  I I- 
/ ; 

arrows, forces or movement; open arrows, the 
'.\ 

passage of time. (A) Spritzing of bath solution on -, ' 1  

isolated growth cone. (B) Hypo-osmotically in- 
' - '  - 

duced swelling. (C) Stretching of the growth cone 

4 

3 

2 

' 1  

0 - 
-1 - 
-2 

> ?~ \ j  ,I:i,i,rihlllrIvf~ induced by pulling between the anchor points at 
the substratum and the gigaohm seal. (D) Stretch- -A2,- + $ 
ing the neurite while recording at the growth / ' _* - __.' 

/" 
- 

-3 

-4 

-5 
cone. (E) Prodding a growth cone with a glass 
p r d  (F) Applying pressure by blowing into the 

E*/ Fo Fig. 2. Macroscopic currents during ramp clamp 
soma in the whole-cell configuration. Neurons of an isolated growth cone. R,,,,,, 24 megohms; 
from circumesophageal ganglia were grown 2 to 4 1% membrane capacitance (C,), 2.9 pF; holding 
days on glass or plastic (5). Rotund, firmly at- - -. potential, 0 mV [to inactivate K+ A currents 
tached growth cones were severed with a pipette. J 

I (26)l; ramp of 0 mV to - 100 mV over 10 s, 20 
Procedures, viewed with a Zeiss IM35 micro- s between ramps; cytochalasin-treated growth 
scope (Hofmann Modulation Optics, Greenvale, New York; x40 objective), were carried out at room cone (10) in MedK saline. (A) Current-voltage 
temperature. Four configurations were used: cell-attached patches, outside-out patches, whole-cell, and relations for ramps without (control) and with 
perforated patch recording. Technical details are given in (8). Pipettes (Sylgard-coated, fire-polished (spritz) mechanostimulation. The spritz-induced 
borosilicate glass; resistance, -5 to 10 megohms in Lymnaea solutions) yielded gigaohm seals with mild decrease in K+ current is evident in (B); I,, 
suction. Perforated patch pipettes were filled (8) with PPR (Table 1) containing nystatin (160 kg reverses near E, (calculated as -27 mV, assum- 
ml-I); in 34 isolated growth cones, the mean * SD of series resistance (R,,,,,,) was 25.1 t 9.5 ing an activity coefficient of 0.43 for K,S04). A 
megohms. For spritzing, a Picospritzer (General Valve, Farfield, New Jersey) was attached to a large subsequent control (not shown) was indistin- 
(-50 pm) micromanipulator-controlled pipette. To generate and control pressure, we attached a guishable from the first; the next pressure incre- 
calibrated transducer (Bio-Tek Instruments DPM-1) to the recording pipette. ment (12%) destroyed the growth cone. 



Fig. 3. Macroscopic current of voltage-dependent 
channels in an isolated growth cone by perforated 
patch recording. Bath, normal saline; holding 
potential, -50 mV; RSeri,,, 9 megohms; C,, 3.5 
pF; ten depolarizing steps (10-mV increments) 
applied at 5-s intervals; 80% R,,,,, compensation; 
representative of five growth cones under these 
conditions ( 12). 

duced a current of 6 PA; in either cell these 
currents correspond to the opening of <4 
SA K+ channels. These cells should (judging 
their areas from their capacitances and as- 
suming 1 pF = 100 p,m2) have had 23400 
SA K+ channels, so the open probability 
(Pop,) increased <0.001. Thus, near lytic 
tension induced negligible macroscopic I,,. 

Applying pressure to the inner membrane 
face of the cell during the whole-cell clamp 
procedure resembles blowing into an out- 
side-out patch, a stimulus that activates SA 
channels of Lymnaea somata and other prep- 
arations (2, 15). In agreement with the 
results from cell-attached patches from iso- 
lated growth cones, SA Kf channels in an 
outside-out patch from an isolated growth 
cone were activated at -50 rnmHg. All 
patch configurations [cell-attached, inside- 
out (15), outside-out] are, therefore, strik- 
ingly more stretch-sensitive than whole 
membrane of Lymnaea somata or growth 
cones, as analyzed by whole-cell or perforat- 
ed patch voltage clamping. 

Prodding molluscan growth cones modi- 
fies their outgrowth (6); however, prodding 
isolated growth cones while monitoring for 
K+ current with the perforated-patch tech- 
nique (Fig. 1E) yielded either no change or 
merely damage-related increases in nonselec- 
tive leak. Likewise, if the neurite between 
the growth cone and soma (both attached to 
the substrate) was stretched (deflected by a 
glass prod) (Fig. lD) ,  no effect on macro- 
scopic K+ current occurred under neurite 
tensions sufficient to tear the growth cone 
off the substrate. In addition, no I,, was 
observed when an electrode attached to a 
growth cone was slowly pulled back (Fig. 
lC), even when the tension tore the growth 
cone off the substrate. Thus, neither of the 
stimuli that mimics growth conditions- 

Fig. 4. Single-channel current membrane poten- 
tial (V,) relation of SA K+ channels in a cell- 
attached patch of an isolated growth cone.'Rest- 
ing membrane potential, 0 mV [HiK in bath 
(Table I)];  pipette, MedK. The reversal potential 
for SA Kt (and hence any Kt-selective) channels 
was about -30 mV. (Inset) Single-channel cur- 
rents after suction (70 mmHg) was applied for 6 
s (bar) at -80 mV. Vertical scale, 1.5 PA. Similar 
results were obtained on five isolated growth 
cones with these solutions. 

prodding (6) and pulling (3)-affected I,, 
in growth cones ( 16). 

Considering Laplace's law and the curva- 
ture of cells versus the curvature of patches, 
pressures smaller than those required in 
patches should yield cell tensions sufficient 
to gate I,,. In yeast, pressure did induce 
I,, in accord with Laplace's law (1 4). Yeast, 
however, is only slightly larger than outside- 
out patches and requires "vigorous" suction 
(1 7) for seal formation. Perhaps only chan- 
nels near the pipette-membrane seal carry 
the current; on the basis of yeast channel 
density (14), we calculate that the maximum 
I,, (at -60 mV) corresponds to recruit- 
ment of <2% of the population. Another 
consideration is the nonselectivity of the 
yeast MS channels; the graph of I,, plotted 
as a function of pressure is a nonsaturating 
curve, a result (18) consistent with I,, 
being carried by a mechanically induced leak 
through nonchannel pathways. 

An ion-selective I,, has been reported 
(19), a shear-activated K+ current. It was, 
however, undetectable at the single-channel 
level. Macroscopic and single-channel mech- 
anosensitive currents have been observed in 
crayfish stretch receptors (20), but the evi- 
dence is insufficient to establish whether the 
single-channel events underlie the I,, (1). 

The simplest explanation of our data is 
that Lymnaea neurons have two types of 
K+-channels (SI and SA) that become hy- 
persensitive to mechanical perturbations 
only when the membrane-cytoplasm inter- 
face is disrupted by gigaohm seal formation. 
Sachs (2) has suggested that the mecha- 
nosensitivity of ion channels stems from 
their linkage to cortical cytoskeletal ele- 
ments. Alteration of these elements may be 
required before the channels can be gated by 
mechanical stimuli (21). The existence of ion 
channels identified as MS by their single- 
channel behavior is not in doubt, but the 

nature and relevance of their mechanosensi- 
tivity is not clear. Mechanosensitivity may 
arise as an artifact of patch recording (22) in 
channels that normally are regulated by oth- 
er agents, for example, second messengers 
(1, 23). This raises concerns about other 
patch-induced alterations of channel proper- 
ties. 

Speculations about roles for MS channels 
(2) have seemed particularly compelling 
where single MS channel activity coincides 
with a relevant physiological process: SA 
channels in fish oocytes that activate cycli- 
cally during cytokinesis (24) and other chan- 
nels that turn on during hypo-osmotic swell- 
ing (11). If, however, these channels are 
abnormally mechanosensitive in cell-at- 
tached patches, their activation becomes less 
remarkable. Evidence from healthy cells of 
appropriate I,, is needed to support the 
notion that the channels are physiological 
mechanotransducers. The finding that dys- 
trophic muscle cells (with a cortical cytoskel- 
eton that lacks normal dystrophin) have 
"leaky" SI channels (25) fits the picture of 
disrupted membranes exhibiting abnormal 
mechanosensitivity. It is possible that non- 
pathological alterations of the cortical cy- 
toskeleton in particularly labile membranes 
(for example, in filopodia or presynaptic ter- 
minals) may yet be shown to render other- 
wise refractory channels mechanosensitive. 

Note added in pvoof: Milton and Caldwell 
conclude that gigaohm seals disrupt cortical 
cytoskelton (27). 
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Paths of Information Flow Through Visual Cortex lower layers (4, from current-source density 
analysis (3). and from the concentration of 

The main route of information flow in the cerebral cortex is from the middle layers of 
cortex to upper and lower layers. However, upper layers of the cat primary visual 
cortex can be directly driven by inputs from secondary visual cortex when activity in 
middle layers is disrupted. Upper-layer activity can be driven ather by middle layers or 
by direct corticocortical inputs. One consequence of this result is that areas of cortex 
thought to be carrying out low-order anatysii may be able to extract considerable 
infbrrnation from higher order areas. 

T HE CEREBRAL CORTEX CONSISIS OF information flows from layer 4 to upper (1, 
six layers, knitted by interlaminar 2, and 3) and lower (5 and 6)  layers. This 
connections into narrow, relatively idea receives support from the anatomical 

independent vertical columns (1). The in- projections of layer 4 cells to upper and 
put-output transformations of the column 
are thought to be the key to understanding 
cortical function. Merents from specific tha- 
lamic nuclei supplying sensory cortex tenni- 
nate predominately in middle layers (pri- 
marily layer 4), suggesting that layer 4 is the 
main input stage of the column and that 

Flg. 1. Main pathways from LGN to upper layers 
of Vl (left) superimposed on tracing of photomi- 
crograph from actual experiment (right). Inset: 
main LGN subdivisions (layers A, Al, and C, 
dorsal to ventral; small satellite on right edge is 
the medial interlaminar nucleus). The lesion in V2 
(hatching) was made by injecting 16 mM cobal- 
tous chloride (18) through a glass pipette after 
elecwphysiologically mapping the region (460 nl 
at each of 18 sites in a 3 by 6 grid with 1-mrn 
intersite spacing). The lesion spanned most of the 
width of V2, extending slightly across the V1-V2 
border and 8 mm from anterior to posterior. It 
corresponded to visual directions from -4" to 16" 
azimuth and -4" to - 17" elevation. Lesions of 
similar extent were also made with 0.5% ibotenic 
acid (1 15 nl at each site in the same grid pattern) 
( 19). Entry and exit mints of V 1 microelectrode 
(glass-coat'ed tungsthn) are indicated by line seg- 
ments near photomicrograph; arrow, electrolytic 
marking lesion (20). 
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cells'wii 'simplen receptive fields in layer 4 
of primary visual cortex (Vl, area 17) (4). 

Although layer 4 is undoubtedly critical 
for fdl  columnar function, our earlier stud- 
ies showed that when normal interlaminar 
interactions with layer 4 are disrupted, other 
layers can generate organized outputs (5). 
The lateral ge~culate nucleus (LGN), a 
laminated thalamic structure, is the major 
relay of retinal information to cortex. In the 
cat, the dorsal LGN layers (A and Al)  
provide the main ge~culate input to V1, 
projecting primarily to layer 4 and second- 
arily to layer 6  (6). When layer A, which 
receives inputs from the contralateral eye, is 
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